The atomic radical density in the first excited state, obtained by the technique of optical absorption spectroscopy, and a simple kinetic model are used to determine the radical ground state density in a recombining expanding plasma.
Introduction
Development and characterization of high-intensity sources of reactive short-lived radicals are of great interest to the surface physics, fusion and low-temperature plasma physics community. As a rule, the kinetics of the radicals in the plasma is difficult to simulate since it requires accurate knowledge of all the relevant kinetic processes, including heterogeneous phenomena on the walls [l] . Therefore, experimental methods have to be employed to characterize the radical properties in the plasma.
Optical emission spectroscopy (Om) is the main technique used to measure the radicals' excited states' population densities, since it is easy to realize this method in practice. More complicated problems arise when OES is used to derive the radical ground state density, which is the main quantity of interest for plasma characterization. Detailed kinetic modelling, including accurate information about the electron energy dishibution function (EEDF) is usually required in order to find a correlation between the radicals excited and ground state densities [l] .
Using optical absorption spectroscopy (OAS), information on the density of the lower quantum state of the radiative transition can be obtained. However, for many of the practically important atomic radicals, such as H, 0, C, N, F and CI, the resonant radiative transitions belong to the vacuum ultraviolet (VW) part of the spectrum. Therefore, for radical characterization in the general case, a complicated technique involving the vuv coherent and non-coherent OAS 0022-3727/95/071362+07519.50 @ 1995 IOP Publishing Ltd must be used to get quantitative information on the radical ground state (see for example [2,3]).
The aim of this paper is to present a method for radical ground state density determination using experimental data on the radical density in the first excited state. The technique presented is applicable to recombining plasmas. The radical density in the ground state is derived from visible light OAS and a simple kinetic scheme, which does not require knowledge of the shape of the EEDF in the plasma. The information about electron density and electron temperature has been obtained from a spatially resolved Thomson-Rayleigh scattering diagnostic.
Methods
In recombining plasmas, the excited states of atoms and molecules are populated by the flux going from the recombination of ions and electrons to the ground state. It is important that, even at the very beginning of the recombination, a rapid drop of the electron and heavy particle temperature takes place in the expansion [4,S]. For the transitions between the ground and excited electronic quantum states, only the radiative processes remain important, because the energy gaps between the levels AEpo. are much larger than the electron and heavy particle kinetic energies kTe and kTo. At the same time collisional processes are still important for the high-lying states, A E , 5 kT..o. For a plasma with 'cold' electrons. the reactions of direct electronic excitation, dissociation and [13.17,18], that, for (kvR)-' 5 A).~/h).o 5 100(kvR)-l, the dependence of A is only through the Lorentz fraction of the line width: ionization of the atoms and molecules in inelastic collisions with electrons and heavy particles become ineffective and can be totally ignored.
It is well known that, for charged particle recombination, low-energy collisions are most effective [6]. Therefore, for the kinetics of recombination it is not necessary to have detailed information on the EEDF over a broad energy range (which is a complicated problem for ionizing plasmas). Usually information on the mean electron energy (namely the electron temperature) is sufficient.
A particularly simple kinetic scheme can be realized for the first excited quantum state for recombining expanding plasmas. For example, in the subsonic region of the expanding cascaded arc plasma [5], it follows from a kinetic analysis of the elementary processes, both in pure argon and in an argon-hydrogen gas mixture [7,8], that the stationary density of the first excited state n; can be determined simply from the balance between the recombination flux CJ to this level and radiative decay from this level: CJn;AzlAzl = 0.
(1)
Here A21 is the resonance radiative transition probability,
and &](E) is the escape factor for the emission of resonance radiation. Particle kinetics in the supersonic expansion and inside the shock front are more complicated, especially in a mixture of gases. Since the dynamics of an argon-hydrogen expanding plasma has been extensively discussed in our previous publications (see, for example, [9-12]), we will analyse here only plasma properties in the subsonic expansion.
The transport of resonance radiation in the limiting cases of pure Doppler and pure pressure-broadened absorption profiles was first quantitatively investigated by Holstein [I31 and Biberman [14] . Detailed experimental and theoretical studies of the transport of resonance radiation at low and intermediate pressures have been reported in 1151 to describe energy pathways in helium and argon excited by electrons and protons. In [16] the authors investigated the problem of absorption of transport radiation in sodium. One of the principal conclusions with respect to the low-density media was derived in [15] .
It was illustrated that, for gas density in the pressure region p 5 67 Pa, and with T = 300 K, there is substantial disagreement between the theory, which assumes complete redistribution of frequency (that is, which takes the emission and absorption profiles to be equal), and the real situation. It was shown that the escape factor is directly connected with the effective optical depth for the transmission of radiation (for optically transparent media A = 1 and = 0). The functional dependence of A(m) depends on the emission and absorption line profiles [13, 15] . The dependence of A ( m ) as a function of the Voigt parameter for the emission profile a = (In2)'/2(A).~/A).~) has been tabulated, for example in [17]. In the general case the escape factor A is a complicated function of the effective Voigt optical depth m. For large optical depths (that is, the case of the resonance transition of argon) the escape factor is mainly determined by the Lorentzian line wings. It is easy to derive quantitatively, and it has been shown in Here A, , is the wavelength of the radiative transition, c is the velocity of light, g , and g, are the statistical weights, nq is the density of the lower state of the transition, p is a geometrical factor [ 17,191 and R is the mean radius of the plasma beam. For resonance lines the Doppler broadening Ah0 is of the order of nm [20] . The Lorentzian broadening mechanisms in the expansion that we should consider are natural, Stark and resonance broadening. The first has values of 5 x lo-' and 2.5 x nm respectively for the two resonance lines of argon. The Stark broadening is given by A).sLUk 5 nm [20] and we may neglect it.
Resonance broadening can be estimated as Ahkes 5 nm and can also be neglected [20] . So, in the subsonic part of the expansion, natural broadening is the most important Lorentzian broadening mechanism; kyR is of the order
(1-5) x lo', and thus equation (2) can be applied for approximating the escape factor [20] . Since for a resonance line Au = A / 2 r , equation (2) becomes It appears that the escape factor for the resonance lines is independent of the radiative transition probability A,. Furthermore, it implies that the effective transition probabilities A21A21 remain linear in A , and that the level with the largest transition probability represents the most important loss channel for the As(3p5 4s) states. Because of the strong coupling between the four Ar*(3p54s) sublevels (see later), an average effective resonance transition probability of A21 x 1.57 x IO8 s-' has to be used [18,21].
The condition (m)-' 5 a 5 l O O ( m ) -' under which equation (2) is valid determines the range of experimental parameters (ground state density, temperature and effective radius of the plasma beam) within which one can use the present approach.
In the general case, the effective optical depth for the transmission of radiation is defined as [17, 19] where AApq is the FWHM of the emission profile. If the information on the recombination flux to the first excited state and absolute density of this state is available, and if the spectral line shape for the resonance transition is known, then, from equation (I), one can determine the escape factor and effective optical depth m [17]
for the resonance radiative transition from equation '(2). Finally, from equations (3) or (4). the absolute density of the radicals in the ground electronic state can be derived.
For the cment experimental situation, the radiation of argon resonance spectral lines has been significantly trapped. That is the effective optical depth m was of the order of (1-5) x IO3. In this case equations (2) and (3) have been applied for approximating the escape factor [20] . However, for the Doppler-dominated case of resonance radiation of hydrogen, the escape factor was of the order of 0.2-1, that is, the plasma was optically almost transparent for the hydrogen resonance spectral lines [SI.
The effective optical depth was of the order of (0.1-3, and general correlations A(m) (see [13, 17, 18] ) were used to calculate E?.
The proposed method has been applied to the determination of the absolute ground state density of atomic hydrogen H(n = 1) and argon Ar(3p6) in a freely expanding plasma jet. The pure argon case has been studied in order to check the validity of the method, since the argon ground state density under similar experimental conditions has accurately been determined by Thomson-Rayleigh scattering [5,7].
Experimental
The argon density in the first excited state Ar(3ps 4s) has been measured in a pure argon plasma by the absorption of eight argon spectral lines, belonging to the transition Ar(3p5 4p+ 3ps 4s). The hydrogen density in the first excited state H*(n = 2) has been determined in an argon-hydrogen plasma by hydrogen Balmer-cr spectral line absorption.
In figure 1 the outline of the expanding cascaded arc, with the optical set-up for performing emission and absorption spectroscopy, is shown. A pure argon or argon-hydrogen gas mixture in various proportions can be introduced directly into the beginning of the cylindrical channel (diameter 4 mm) of the cascaded arc with a flow rate of 10-100 cm3 s-l, at a pressure of about 0.5 bar in the cathode space. The hydrogen percentage in the total gas flow was varied in the range 0.7-10%. The plasma generated by the arc is under close to partial local thermal equilibrium (PLTE) conditions with temperatures of the order of 1 eV, an electron density of the order The optical set-up used for the absorption specroscopy experiments is also shown in figure 1. As a light source, another cascaded arc, specially designed for the purpose of emitting high-intensity radiation, is employed [23] . The arc has almost the same construction as the cascaded arc used as a plasma source. The mirrors M3 and M4 together with lens L3 can be translated, which enables both an axial and a lateral scan of the plasma. The detection system consiscs of a monochromator with a focal length of 1 m, and a Peltier cooled photodiode array. After AD conversion the signal of the photodiode array is recorded by a personal computer. For typical parameters of the expanding cascaded arc plasma at a distance of z = 70 mm from the exit of the cascaded arc (see table I), the estimated ratio of the Lorentzian to Gaussian width of the Ar and H spectral lines is less than 0.01. Therefore, for the calculation of the absorption coefficient k, of transitions whose lower level is the first excited state, it was accurate enough to assume a purely Gaussian line profile.
The measured values of the total absorption can be related directly to an integral absorption coefficient in accordance with [24] , and then to the absolute density of absorbing particles. The absorption length I is determined by the widths of Gaussian beam profiles, which are used to fit the measured absorption data (using an Abel integration procedure [ZO]).
Results and discussion
The radial dependencies of the total density of the first excited state of argon, Ar*(3p54s), summed over the quantum states 3~'4s(~P,,, 3 P~, 'Pz and 'PI), for various axial positions in the expansion of a pure argon arc, are presented in figure 2. Similar dependencies for the density of the first excited state of hydrogen H*(n = 2) obtained for the different axial positions in the expansion were presented in our previous paper [SI.
In 15,101 a similar expanding argon cascaded arc plasma in pure argon and with different amounts of hydrogen added was studied using the technique of Thomson-Rayleigh scattering and optical emission spectroscopy. The electron density and temperature, neutral species density and excited hydrogen atom H*(n 2 3) absolute population density were determined as functions of the axial position in the expansion.
Values of the plasma parameters on the axis of the expanding cascaded arc at axial positions z = 70 mm in the vessel are given in table 1, using the data for 1 A% hydrogen in the gas flow as an example. The data on electron density and temperature, neutral species density and temperature, and population density of excited hydrogen atoms H*(n ? 3) are taken from [IO] . In table I the first excited state W ( n = 2) determined in the present work is listed as well.
Detailed kinetic analysis carried out for typical conditions of expanding plasmas with the atomic, molecular, ionic and electronic parameters as presented in table 1 shows that the following recombination processes are responsible for the population of the argon and hydrogen first excited states [8, 20] .
(i) For pure argon plasma. the three-particle recombination reaction [4,5] is (5) where it is assumed that the majority of the recombination flux is caused by three-particle recombination to highlying excited levels, which all cascade down to the Thus, for the argon-hydrogen plasmas, the recombination flux to the first excited state of atomic hydrogen (1) H*(n = 2) is equal to (Pa = n~,n,k2 .
It is well known that the first excited states of argon Ar*(3p54s) and hydrogen H*(n = 2) consist of four and two sub-levels, respectively. Half of them are metastable and half are connected to the ground state by ordinary dipole selection rules. Our experiments show that, on the axis, the densities per statistical weight for all the four argon sub-levels are approximately the same. One possible explanation for this is the strong collisional coupling between the sub-levels, since the energy gap between the sub-levels in comparison with the kinetic temperature of particles is small (less than 0.1 eV for argon and about eV for hydrogen). Another explanation is collisionally induced radiation to the ground atomic states, as proposed in [26] .
For the three-particle recombination we adopt the expression given in [SI: kl = 3.3 x 10-21T;9' 2 m6 s-' (c is in kelvins). The low-energy behaviour for the chargetransfer reaction Art t Hz is dominated by the proton-transfer reaction leading to the formation of ArH' (5) [27, 28] . The recommended temperaturedependence for the range T = 20-5000 K is kz = 0.39 x 10-15(T)0.14 m3 s-' to within 10% [29] (T is in kelvins).
Note that the temperaturedependences of kt and k2 are completely different: for kl it is strong and for kz it is weak.
The reactions of dissociative recombination of molecular ions (7) are usually very effective and often are the main reason for recombination of charged particles in plasmas [6] . The rate constants for the reaction of dissociative recombination of vibrationally non-excited molecular ions of the halogens (including hydrogen) are typically k3 = 10-14-10-15 m3 S-I in the temperature range 30&5000 K A confirmation of the fact that the reaction (7) leads mainly to the population of the H*(n = 2) state, can be seen also from the data presented in table 1, where it is shown that the experimentally determined highly excited state H*(n > 3) densities are much smaller than the density of the H*(n = 2) state. From table I one can also conclude that the radiative cascade from the excited states H*(n 2 3) to the first excited state H'(n = 2) must be negligibly small in comparison with the recombination flux directly to H*(n = 2).
Finally, to calculate the absolute density of the atoms from equation (4) one has to know the radius of the plasma beam R. As an effective radius of the plasma one could choose either the width of the radial distribution of Ar'(3p' 4s) and H*(n = 2) (known from the absorption spectroscopy measurements (see figures 2 and 3)), or the width of the radial distribution of the electron density ne (known from the Tbomson-Rayleigh scattering measurements 17, lo]), since the corresponding widths are approximately equal to each other. Experimentally determined values of the radius of the plasma beam for various conditions are also presented in table 1.
In the framework of the validity of the kinetic equation (l), the plasma parameters have been measured (see table I ), and with known values of the rate constants ki, k2 and Azl, one can determine the escape factors and the effective optical depths [171 as a function of the percentage of hydrogen in the plasma. Finally, from equation (4) one can readily determine the hydrogen H(n = 1) and the argon Ar(3p6) atom ground state densities. Figure 3 illustrates the axial dependence of the Ar(3p6) ground state density, determined both from the Thomson-Rayleigh scattering [71 and by the method discussed. The escape factor and effective optical depth for the resonance radiative transition of argon were of the order of low3 et al [9] , we will limit the discussion to presentation of the figure. From figure 3 one can see that the agreement between the two methods is quite good. Hence it seems that the assumptions upon which the discussed method is based are correct, and for the recombining expanding plasma the method can also be applied to ground state density determination of shortlived radicals. Absolute population densities of atomic hydrogen, which have been calculated using equation (1) are presented in table 2, as a function of plasma parameters in the subsonic expansion. The escape factor for the resonance radiative transition of hydrogen is in the range 14.1, so the corresponding effective optical depth varied in the range 0.1-1 [17]. Here we have to admit that the accuracy of the discussed method drops dramatically at low effective optical depths, and depends linearly on the accuracy in the collisional rate constants.
The presented data clearly indicate a moderately low H atom density (5 9 x lo'* mV3), which drops with distance from the exit of the cascaded arc and with increasing hydrogen concentration in the plasma. The reasons for the decrease in the atomic hydrogen density in the subsonic part of an expanding plasma may be fast diffusion of H out of the plasma and effective admixture of molecular hydrogen, freely re-circulating in the vacuum vessel into the expanding plasma [30] . If the partial Hz pressure were equal to the seed infraction times the total pressure, then the associated degree of dissociation would be 22% at its maximum. However, one must expect that, in the expanding plasma, the Hz density is low because of dissociation (see reaction (6)), that is, it burns out.
Conclusion
The densities of argon and hydrogen atoms in the first excited states, determined by the ordinary technique of optical absorption spectroscopy, and a simple kinetic model can be used to determine absolute ground state densities of the Ar and H atoms in the recombining plasmas. It is important that the kinetic model employed does not require information on the shape of the EEDF in the plasma due to the recombining character of the plasma. The accuracy of this indirect method of ground state density determination is limited by the error both in the recombination coefficients and in the experimental signalto-noise ratio. Without any special amplification of the light signal, for the effective optical length of only about 2 4 cm, the minimum detected local density of excited atoms was about lOI4 m-3, to within an accuracy of 20%.
The proposed technique can be used as well for characterization of other kinds of radicals in nonequilibrium recombining plasmas of various chemical compositions, which information is difficult to obtain by other means. We do not see any obstacles in principle preventing employment of the same technique to measure the density of such radicals as 0, C, N or F. Only in two extreme cases, when the plasma is either fully optically opaque for the resonance radiation (the escape factor is equal to zero), or completely optically transparent for the resonance radiation (the escape factor is equal to unity), can the proposed procedure no longer be used. Besides, as has been mentioned already, the accuracy of the method is very low for escape factors close to unity.
